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(57) ABSTRACT

A system, method and memory medium for performing blind
equalization. A block {u,} of the baseband samples is
received. A function J of a vector f'is minimized to determine
a minimizer f, ;.. The function J depends on vector faccord-
ing to J(H)==(ly,|>~y)*. The summation X corresponds to a
sequence {y, } of equalized samples. The sequence {y,} of
equalized samples is related to the block {u,} according to a
convolution relation {y, }={u,}*f. Parameter y is a current
modulus value. The current modulus value vy is updated to
equal a ratio of a fourth moment of the sequence {y,} to a
second moment of the sequence {y, }. The minimization and
parameter update operations are repeated for a series of
received blocks of baseband samples. The minimizer f,
from a last of the repetitions is used to determine final equal-
ized samples.
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1
MECHANISM FOR PERFORMING
EQUALIZATION WITHOUT PRIOR
KNOWLEDGE OF MODULATION TYPE OR
CONSTELLATION ORDER

RELATED APPLICATION DATA

This application is a continuation of U.S. patent applica-
tion Ser. No. 12/977,467, filed Dec. 23, 2010, entitled “Vari-
able Modulus Mechanism for Performing Equalization With-
out A Priori Knowledge of Modulation Type or Constellation
Order”, invented by Pratik Prabhanjan Brahma and Baijay-
anta Ray, which claims the benefit of priority under 35 U.S.C.
119 to Indian Provisional Application No. 1794/DEL/2010,
filed with the Patent Office of India on Jul. 30, 2010, entitled
“Various Receiver Systems and Methods™, and invented by
Baijayanta Ray, Nikhil Ashok Deshmukh, Pratik Prabhanjan
Brahma, Ankit Sethi, Kunal Agarwal, Sartaj Chaudhury, and
Utkarsh Gupta. That provisional application is hereby incor-
porated by reference in its entirety as though fully and com-
pletely set forth herein.

FIELD OF THE INVENTION

The present invention relates to the field of telecommuni-
cation, and more specifically, to systems and methods for
performing blind equalization of received signals, to compen-
sate for the distortion introduced by a communication chan-
nel.

DESCRIPTION OF THE RELATED ART

A transmitter receives a sequence of data bits, maps the
sequence of data bits into a sequence {x,} of symbols, modu-
lates a carrier signal (or an orthogonal pair of carrier signals)
based on the symbol sequence {x,} to obtain a modulated
signal, and transmits the modulated signal onto a communi-
cation channel. A receiver receives a distorted version of the
transmitted signal from the communication channel. The
receiver may capture a sequence {u } of samples of the
received signal and perform equalization on the sequence
{u,} in order to compensate for the distorting effects of the
channel. Equalization involves computing an equalization
vector f, and convolving the equalization vector f with the
sequence {u,} to obtain an equalized sequence {y,}. The
receiver may operate on the equalized sequence to recover a
stream of information bits.

In classical equalization, the transmitter injects a training
sequence into the transmitted symbol sequence {x,}. The
training sequence is known by the receiver, and thus, the
receiver may adapt its equalization vector until the equalized
output sequence {y,} matches the training sequence. The
equalization vector resulting from the adaptation may be used
to equalize unknown portions of the received signal.

In the absence of a training sequence (or knowledge of the
training sequence), the receiver may employ the so-called
“constant modulus algorithm” (CMA) to equalize the
received signal. The CMA is described in “Self-recovering
equalization and carrier tracking in two-dimensional data
communication systems”, D. N. Godard, IEEE Transactions
on Communications, Vol. 28, No. 11, pp. 1867-1875, Novem-
ber 1980.

The basic principle of the CMA is to minimize a cost
function J,,, over the space of equalization vectors f. The
cost function J,,, is given by the expression:

JCMA(f):E{(‘.Vn‘z—Y)z}, (6]
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where {y,, } is the sequence of equalized samples derived from
the received sample sequence {u,} by convolution with
equalization vector {2 {y, }={u,,} *{. The cost function givenin
expression (1) is the cost function for a 2-2 CMA.

The notation E[s,] denotes the expected value of the
sequence {s,}. The expected value E[s,,] may be computed by
taking an average over the range of index n. For example,
where index n runs from 0 to N-1, the expected value E[s, ]
may be computed based on the expression:

1 N-1

Els,] = NZ Sy

n

The cost function J.,,, involves a constant modulus
parameter y given by:

_ Ell] @

Y= >
Ellx ]

where {x,} is a sequence of the transmitted symbols. The
value of y for a constant modulus signal such as PSK is
constant. (A signal is said to be a “constant modulus signal”
whenever all the points in the modulation constellation have
the same modulus (i.e., radius) in the complex plane.) How-
ever, prior works have suggested that the CMA is also able to
equalize non-constant modulus signals such as QAM of
modulation order greater than 8. (See “Blind Equalization
Using the Constant Modulus Criterion: A Review”, C. R.
Johnson, Jr., P. Schniter, T. J. Endres, J. D. Behm, D. R.
Brown, and R. A. Casas, Proceedings of the IEEE, Vol. 86,
No. 10, pp 1927-1950, 1998.) (The modulation order of a
modulation scheme is the number of points in its constella-
tion.) In such cases, the value of y will be a constellation-
dependent parameter.

The CMA performs a stochastic gradient-decent algorithm
to determine a minimizing equalization vector f. (The equal-
ization vector f represents the impulse response of the receiv-
er’s equalizer.)

Unfortunately, the CMA suffers from two major limita-
tions.

First, the CMA uses a fourth order moment (e.g., y=E
[1x,1*)/E[1x,1?]) in its cost function. The value of the param-
eter v should be approximately known to the receiver. How-
ever, this parameter cannot be held constant if the modulation
density (i.e., the number of points in the constellation)
changes significantly. Thus, the CMA is not an appropriate
solution for blind equalization of a wide variety of modula-
tion schemes with different densities, without any side infor-
mation.

Second, the CMA typically takes a large number of sym-
bols to converge.

Thus, there exists a need for systems and methods capable
of performing equalization even when the modulation
scheme and/or constellation is unknown.

SUMMARY

In one set of embodiments, a method for performing blind
equalization on received samples may involve the following
operations:

(a) receiving a block {u, } of the received samples;

(b) minimizing a function J of a vector argument f to
determine a minimizing vector f,,, wherein the function J
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depends on the vector argument f according to the expression
I(D==(ly,|*>~y)?, wherein the summation X corresponds to a
sequence {y, } of equalized samples, wherein the sequence
{y,.} of equalized samples is related to the block {u,} of
received samples according to a convolution relation
{y,.}={u,, }*f, whereiny is a current modulus parameter value;

(c) computing a fourth moment of the sequence {y,,} cor-
responding to the minimizing vector f,

(d) computing a second moment of the sequence {y,}
corresponding to the minimizing vector f, ;3

(e) updating the current modulus parameter value y to be
equal to a ratio of the fourth moment to the second moment.

Furthermore, the method may also include: repeating (a)
through (e) until a termination condition is satisfied; and
convolving the received samples with the minimizing vector
Ty from a last of said repetitions of (a) through (e) to deter-
mine final equalized samples.

In some embodiments, the termination condition is the
condition that a change in the current modulus parameter
value y between successive repetitions of (a) through (e) is
smaller than a predetermined threshold.

In some embodiments, the method may further include:
displaying a constellation plot of the final equalized samples
via a display device.

In some embodiments, the method may also include:
receiving user input identifying a modulation type and con-
stellation order after said displaying the constellation plot;
and demodulating the final equalized samples based on the
identified modulation type and the identified constellation
order in order to obtain a bit sequence.

In some embodiments, the method may also include: per-
forming a cluster analysis on the final equalized samples to
determine a constellation order implicit in the received
samples.

In some embodiments, the process of minimizing the func-
tion J includes performing a stochastic gradient descent algo-
rithm.

In some embodiments, the method operates without any a
priori knowledge of the modulation type used to form the
received samples.

In some embodiments, a next repetition of said minimizing
starts with the minimizing vector f, ;;,,determined in a current
repetition of said minimizing

The following numbered paragraphs describe various
other embodiments.

1.1 A method for performing blind equalization (e.g.,
equalization without any knowledge of the modulation
scheme or constellation order implicit in the received signal)
on received samples, the method comprising: (a) receiving a
block {u,,} of the received samples; (b) minimizing a function
J of a vector argument f to determine a minimizing vector
1, Wherein the function J depends on the vector argument
f according to the expression J(f)=E[(ly,|*=y)?], wherein E
denotes an average over time index n, wherein {y,} is an
equalized sequence that is related to the block {u,} of
received samples according to a convolution relation
{y,.}={u, }*f, wherein y is a current modulus value; (¢) com-
puting a fourth moment of the equalized sequence {y,} cor-
responding to the minimizing vector f,;,; (d) computing a
second moment of the equalized sequence {y,} correspond-
ing to the minimizing vector f,,.; (e) setting the current
modulus value y equal to a ratio of the fourth moment to the
second moment; repeating (a) through (e) until a termination
condition is satisfied; equalizing the received samples using
the minimizing vector f,,,, from a last of said repetitions of
(a) through (e) to determine a final equalized sequence.
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1.2. The method of paragraph 1.1, wherein the termination
condition is the condition that a change in the current modulus
value y between successive repetitions of (a) through (e) is
smaller than a predetermined threshold.

1.3 The method of paragraph 1.1, further comprising: dis-
playing the final equalized sequence via a display device, or
more generally, driving an output device with an output signal
derived from the final equalized sequence.

1.4 The method of paragraph 1.1, further comprising:
demodulating the equalized sequence to recover a stream of
information bits, and, generating an output signal based on
the stream of information bits. The output signal may be
supplied to an output device (such as a display or speaker or
actuator) for presentation to a user.

BRIEF DESCRIPTION OF THE DRAWINGS

A Dbetter understanding of the present invention can be
obtained when the following detailed description of the pre-
ferred embodiments is considered in conjunction with the
following drawings.

FIG. 1 shows a constellation plot of an 8-QAM signal
equalized using one embodiment the variable modulus algo-
rithm (VMA).

FIGS. 2A-2D are constellation diagrams of: (A) actual
GMSK signal extracted from a GSM burst; (B) received
signal after passing through channel and adding white Gaus-
sian noise; (C) equalized output using CMA-FSE; and (D)
equalized output using VMA-FSE.

FIG. 3 is a flowchart illustrating one embodiment of a
method for performing blind equalization.

FIG. 4 illustrates one embodiment of a computer system
may be used to perform any of the method embodiments
described herein.

FIG. 5 illustrates one embodiment of the computer system
of FIG. 4.

FIG. 6 illustrates an exemplary wireless device, such as a
wireless telephone, which may implement embodiments of
the invention.

While the invention is susceptible to various modifications
and alternative forms, specific embodiments thereof are
shown by way of example in the drawings and are herein
described in detail. It should be understood, however, that the
drawings and detailed description thereto are not intended to
limit the invention to the particular form disclosed, but on the
contrary, the intention is to cover all modifications, equiva-
lents and alternatives falling within the spirit and scope of the
present invention as defined by the appended claims.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Terminology

The following is a glossary of terms used in the present
document.

Memory Medium—A memory medium is a medium con-
figured for the storage and retrieval of information. Examples
of memory media include: various kinds of semiconductor
memory such as RAM and ROM; various kinds of magnetic
media such as magnetic disk, tape, strip and film; various
kinds of optical media such as CD-ROM and DVD-ROM;
various media based on the storage of electrical charge and/or
other physical quantities; media fabricated using various
lithographic techniques; etc. The term “memory medium”
may also include a set of two or more memory media which
reside at different locations, e.g., at different computers that
are connected over a network.
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Programmable Hardware Element—a hardware device
that includes multiple programmable function blocks con-
nected via a programmable interconnect. Examples include
FPGAs (Field Programmable Gate Arrays), PLDs (Program-
mable Logic Devices), FPOAs (Field Programmable Object
Arrays), and CPLDs (Complex PLDs). The programmable
function blocks may range from fine grained (combinatorial
logic or look up tables) to coarse grained (arithmetic logic
units or processor cores). A programmable hardware element
may also be referred to as “reconfigurable logic™.

Program—the term “program” is intended to have the full
breadth of its ordinary meaning. As used herein, the term
“program” includes within its scope of meaning: 1) a software
program which is stored in a memory and is executable by a
processor, or, 2) a hardware configuration program useable
for configuring a programmable hardware element. Any of
the method embodiments described herein, or, any combina-
tion of the method embodiments described herein, or, any
subset of any of the method embodiments described herein,
or, any combination of such subsets may be implemented in
terms of one or more programs.

Software Program—the term “software program” is
intended to have the full breadth of its ordinary meaning, and
includes any type of program instructions, code, script and/or
data, or combinations thereof, that may be stored in a memory
medium and executed by a processor or computer system.
Exemplary software programs include: programs written in
text-based programming languages such as C, C++, Java™,
Pascal, Fortran, Perl, etc.; graphical programs (i.e., programs
written in graphical programming languages); assembly lan-
guage programs; programs that have been compiled to
machine language; scripts; and other types of executable soft-
ware. A software program may comprise two or more sub-
programs that interoperate in a specified manner.

Hardware Configuration Program—a program, e.g., a
netlist or bit file, that can be used to program or configure a
programmable hardware element.

Graphical Program—A program comprising a plurality of
interconnected nodes or icons, where the plurality of inter-
connected nodes or icons visually indicate the functionality
of the program. A graphical program is a type of diagram.

The following provides examples of various aspects of
graphical programs. The following examples and discussion
are not intended to limit the above definition of graphical
program, but rather provide examples of what the term
“graphical program” encompasses.

The nodes in a graphical program may be connected in one
or more of a data flow, control flow, and/or, execution flow
format. The nodes may also be connected in a “signal flow”
format, which is a subset of data flow.

Exemplary graphical program development environments
which may be used to create graphical programs include
LabVIEW, DasylLab, DiaDem and Matrixx/SystemBuild
from National Instruments, Simulink from the MathWorks,
VEE from Agilent, WiT from Coreco, Vision Program Man-
ager from PPT Vision, SOt WIRE from Measurement Com-
puting, Sanscript from Northwoods Software, Khoros from
Khoral Research, SnapMaster from HEM Data, VisSim from
Visual Solutions, ObjectBench by SES (Scientific and Engi-
neering Software), and VisiDAQ from Advantech, among
others.

The term “graphical program” includes models or block
diagrams created in graphical modeling environments, where
the model or block diagram comprises interconnected nodes
or icons that visually indicate operation of the model or block
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diagram; exemplary graphical modeling environments
include Simulink, SystemBuild, VisSim, Hypersignal Block
Diagram, etc.

A graphical program may be represented in the memory of
the computer system as data structures and/or program
instructions. The graphical program, e.g., these data struc-
tures and/or program instructions, may be compiled or inter-
preted to produce machine language that accomplishes the
desired method or process as shown in the graphical program.

Input datato a graphical program may be received from any
of'various sources, such as a receiver (e.g., an RF receiver), a
signal processing board, a modem (e.g., a cable modem), a
network interface (e.g., a wired or wireless network inter-
face), a unit under test, a process being measured or con-
trolled, another computer program, a database, or from a file.
Also, a user may input data to a graphical program or virtual
instrument using a graphical user interface, e.g., a front panel.

A graphical program may optionally have a GUI associated
with the graphical program. In this case, the plurality of
interconnected nodes are often referred to as the block dia-
gram portion of the graphical program.

Data Flow Graphical Program (or Data Flow Diagram)—A
graphical program or diagram comprising a plurality of inter-
connected nodes, where the connections between the nodes
indicate that data produced by one node is used by another
node.

Node—In the context of a graphical program, an element
that may be included in a graphical program. A node may
have an associated icon that represents the node in the graphi-
cal program, as well as underlying code and/or data that
implements functionality of the node. Exemplary nodes
include function nodes, sub-program nodes (sub-VIs), termi-
nal nodes, structure nodes, etc. Nodes may be connected
together in a graphical program by connection icons or wires.

Graphical User Interface—this term is intended to have the
full breadth of its ordinary meaning. The term “Graphical
User Interface” is often abbreviated to “GUI”. A GUI may
include one or more input GUI elements, one or more output
GUI elements, or both input and output GUI elements.

The following provides examples of various aspects of
GUIs. The following examples and discussion are not
intended to limit the ordinary meaning of GUI, but rather
provide examples of what the term “graphical user interface”
encompasses.

A GUI may comprise a single window having one or more
GUI Elements, or may comprise more than one window, each
having one or more GUI Elements.

A GUI may be associated with a diagram, e.g., a graphical
program. In this instance, various mechanisms may be used to
connect GUI Elements in the GUI with nodes or icons in the
diagram/graphical program. For example, when Input Con-
trols and Output Indicators are created in the GUI, corre-
sponding nodes (e.g., terminals) may be automatically cre-
ated in the diagram or graphical program. Alternatively, the
user can place terminal nodes in the diagram which may cause
the display of corresponding GUI Elements front panel
objects in the GUI, either at edit time or later at run time. As
another example, the GUI may comprise GUI Elements
embedded in the block diagram portion of the graphical pro-
gram.

Front Panel—A Graphical User Interface that includes
input controls and output indicators, and that enables a user to
interactively control or manipulate the input being provided
to a program or diagram, and view output of the program or
diagram, during execution.
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A front panel is a type of GUIL. A front panel may be
associated with a diagram or graphical program as described
above.

In an instrumentation application, the front panel can be
analogized to the front panel of an instrument. In an industrial
automation application the front panel can be analogized to
the MMI (Man Machine Interface) of a device. The user may
adjust the controls on the front panel to affect the input, and
view the output on the respective indicators.

Graphical User Interface Element—an element of a
graphical user interface, such as for providing input or dis-
playing output. Exemplary graphical user interface elements
comprise input controls and output indicators

Input Control—a graphical user interface element for pro-
viding user input to a program. Exemplary input controls
comprise dials, knobs, sliders, switches, text input boxes,
numeric input fields, etc.

Output Indicator—a graphical user interface element for
displaying output from a program. Exemplary output indica-
tors include charts, graphs, gauges, text output boxes,
numeric displays, etc. An output indicator is sometimes
referred to as an “output control”.

Computer System—any of various types of computing or
processing systems, including a personal computer (PC), a
mainframe computer system, a workstation, a laptop, a table
computer, a network appliance, an Internet appliance, a hand-
held or mobile device, a personal digital assistant (PDA), a
television system, a grid computing system, or other device or
combinations of devices. In general, the term “computer sys-
tem” can be broadly defined to encompass any device (or
combination of devices) having at least one processor that is
configured to execute instructions that are stored on a
memory medium.

Measurement Device—includes instruments, data acqui-
sition devices, smart sensors and any of various types of
devices that are operable to acquire and/or store data. A mea-
surement device may also optionally be further operable to
analyze or process the acquired or stored data. Examples of a
measurement device include an instrument, such as a tradi-
tional stand-alone “box” instrument, a computer-based
instrument (instrument on a card) or external instrument, a
data acquisition card, a device external to a computer that
operates similarly to a data acquisition card, a smart sensor,
one or more DAQ or measurement cards or modules in a
chassis, an image acquisition device, such as an image acqui-
sition (or machine vision) card, a video capture board, a smart
camera, a motion control device, a robot having machine
vision, and other similar types of devices. Exemplary “stand-
alone” instruments include oscilloscopes, multimeters, signal
analyzers, signal demodulators, arbitrary waveform genera-
tors, spectroscopes, and similar measurement, test, or auto-
mation instruments.

A measurement device may be further operable to perform
control functions, e.g., in response to analysis of the acquired
or stored data. For example, the measurement device may
send a control signal to an external system, such as a motion
control system or to a sensor, in response to particular data. A
measurement device may also be operable to perform auto-
mation functions, e.g., may receive and analyze data, and
issuie automation control signals in response.

Embodiments of the present inventions may be realized in
any of various forms. For example, any of the present inven-
tions may be realized as a computer-implemented method, a
computer-readable memory medium, or a computer system.
Furthermore, any of the present inventions may be realized
using one or more custom-designed hardware devices such as
ASICs or FPGA’s.
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A computer-readable memory medium is a memory
medium that stores program instructions and/or data, where
the program instructions, if executed by a computer system,
cause the computer system to perform a method, e.g., any of
amethod embodiments described herein, or, any combination
of the method embodiments described herein, or, any subset
of any of the method embodiments described herein, or, any
combination of such subsets.

In some embodiments, a computer system may be config-
ured to include a processor (or a set of processors) and a
memory medium. The memory medium stores program
instructions. The processor is configured to read and execute
the program instructions from the memory medium. The pro-
gram instructions are executable by the processor to imple-
ment any of the various method embodiments described
herein (or, any combination of the method embodiments
described herein, or, any subset of any of the method embodi-
ments described herein, or, any combination of such subsets).
The computer system may be realized in any of various forms.
For example, the computer system may be a personal com-
puter (in any of its various realizations), a workstation, a
computer on a card, an application-specific computer in a
box, a server computer, a client computer, a hand-held device,
a tablet computer, a wearable computer, etc.

In some embodiments, a set of computers distributed
across a network may be configured to partition the effort of
executing a computational method (e.g., any of the method
embodiments disclosed herein). In some embodiments, a first
computer may be configured to receive a modulated signal
and perform demodulation on the modulated signal to gener-
ate a demodulated signal. The first computer may send the
samples of the demodulated signal to a second computer
through the network. The second computer may operate on
the demodulated signal samples according to any of the
method embodiments described herein, or, any combination
of the method embodiments described herein, or, any subset
of any of the method embodiments described herein, or, any
combination of such subsets.

Inone set of embodiments, the context of the present inven-
tion is as follows. A transmitter receives a stream of bits from
a data source. The transmitter maps the bit stream into a
stream {x,} of symbols. Each symbol x, of the symbol stream
belongs to a set S in the complex plane. The set S is referred
to as the “constellation”. The constellation depends on the
modulation scheme being used by the transmitter. The sym-
bol stream is generated at a rate of 1/T symbols per second,
where T is the symbol duration.

The transmitter modulates a carrier signal (or an orthogo-
nal pair of carrier signals) based on the symbol stream {x,} to
obtain a modulated signal, and transmits the modulated signal
onto the channel. The channel may be a wireless channel or a
wired channel. Typical examples for the channel include the
atmosphere, free space, the ocean, coaxial cable, fiber optic
cable and twisted pair cable.

A receiver receives a distorted version of the modulated
signal from the channel and down-converts the received sig-
nal to obtain a baseband signal. The receiver samples the
baseband signal, preferably at a rate higher than the symbol
rate, in order to generate a sequence {u, } of complex samples.
For example, in one embodiment, the baseband signal is
sampled with a sampling rate equal to twice the symbol rate.
Thus, in this embodiment, the time between successive
samples of the sequence {u,,} is T/2, where T is the symbol
period.
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The receiver includes an equalizer whose goal is to com-
pensate for the distorting effects of the channel. The equalizer
includes a discrete-time linear filter and a parameter estima-
tion module.

The discrete-time linear filter generates a sequence {y, } of
equalized samples by convolving the sample sequence {u,}
with an impulse response f provided by the parameter esti-
mation module:

{nr={u

The impulse response f has finite length L. and is repre-
sented by a set of L complex values and thus may be regarded
as a vector of dimension 2L.. The impulse response f will be
referred to herein as the equalization vector f. The equalized
samples {y,} may be down sampled to obtain a sequence
{X,} that constitutes an estimate of the symbol stream {x,}.
For example, in the case where the received samples {u,,} are
captured at twice the symbol rate, the equalized samples {y, }
would be down sampled by a factor of two.

The parameter estimation module is responsible for deter-
mining the equalization vector f to be used by the discrete-
time linear filter. In particular, the parameter estimation mod-
ule may estimate an optimal equalization vector f, ., based
on the sample sequence {u, }. The parameter estimation mod-
ule may operate without knowledge of the modulation
scheme and/or the constellation that is used by the transmitter
to generate the symbol stream {x,}.

In one set of embodiments, the parameter estimation mod-
ule may compute the optimal equalization vector f,,,based
on a “variable modulus algorithm” (VMA) as disclosed
herein. The VMA may overcome one or more of the limita-
tions of the constant modulus algorithm by iteratively adapt-
ing the value of parameter y starting from a given initial value
(e.g., the value one). The advantages of using the VMA may
include one or more of the following.

1. The VMA operates without any a priori knowledge of the
modulation scheme or constellation used by the transmitter.

2. For a 10-tap T/2 fractionally-spaced channel (i.e., a
channel spreading over five symbol periods), it took 5000
received samples for the CMA to converge, whereas the VMA
could bring in same level of equalization using only 3000
received samples. The channel coefficients used in this spe-
cific embodiment were:

0.0545+0.051, 0.2832-0.11971, -0.7676+0.2788i,

-0.0641+0.0576i, 0.0566+0.2275i, 0.4063+0.07391,

0.2-0.31, -0.9+0.3i, 0.05+0.061, 0-0.7i.

3. For the same number of received symbols of a constant-
amplitude continuous-phase frequency-modulated signal
(such as Gaussian Minimum Shift Keying), the VMA con-
verges to a significantly lower residual distortion as compared
to the CMA for the same multipath conditions and same
signal-to-noise ratio. (Residual distortion is defined as the
mean square error between the transmitted symbol stream
and the equalized symbol stream after removing any constant
gain or phase error.)

Fractionally-Spaced Equalization

As described above, the equalizer performs equalization on
the received sample sequence {u,} by convolving the
received sample sequence with an optimal equalization vec-
tor {7 While is it possible to achieve equalization when the
received sample sequence is captured with a sample rate
equal to the symbol rate, in the preferred embodiments the
received sample sequence is captured at a rate higher than
symbol rate, e.g., at some multiple of the symbol rate. Thus,
in the preferred embodiments, the equalizer is referred to as a
“fractionally-spaced equalizer” (FSE) since the time between
successive coefficients in the equalization vector f,,, is a
fraction of the symbol period T.
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In one embodiment, the received sample sequence is cap-
tured at twice the symbol rate. In this case, the output
sequence {y, } of the equalizer is decimated by a factor of two,
e.g., by selecting every other sample.

The Variable Modulus Algorithm

In the VMA, the value of the modulus parameter vy is
iteratively adapted. Bach iteration I, of the VMA operates on
a corresponding block B, of the received samples {u, } using
a current value y; of the modulus parameter. In particular, the
VMA executes an optimization algorithm (e.g., a stochastic
gradient descent algorithm) to minimize a cost function J;, .,
over the space of equalization vectors  based on the block B,
of the received samples {u,,} and the current modulus param-
eter value y,. The cost function J;;,, has the form:

Tracd O=E{ (P17} 4

The expectation E is based on a set of samples y,, derived
from the convolution of the block B, with the equalization
vector f. For example, in one embodiment,

-1

1 R , )
Jyma(f) = ZZ (UyjLeel™ =)
=0

L-1

YiL+k = Z Ui (D),

©

i=

where f(i) denotes the i” component of the equalization vec-
tor f, or equivalently, the value of impulse response f at time
i. The notation |zl represents the modulus (radius) of the
complex value z.

The minimization of the cost function results in a current
minimizing vector (f,,);- The samples y,, obtained from the
convolution of the block B, and the minimizing vector (f, /),
are used to compute an updated modulus parameter value for
the next iteration:

Yot =ELyalVENp, ).

M
The minimization in the next iteration 1, , may start from
the current minimizing vector (f,), The iterations may
continue until the parameter value y, stabilizes, e.g., until the
change in y from one iteration to the next becomes sufficiently

small:
AYAY Y-t
IAY;1<€,

where € is a small positive constant, e.g., a user-specified
constant. In some embodiments, the sequence of parameter
values {yj} is smoothed, and the stabilization test is applied to
the smoothed value instead of the parameter value itself.

In one alternative embodiment, the VMA performs a num-
ber of iterations that is determined by the sample length N of
the received sample sequence {u,, } and the sample length L of
the impulse response f. For example, the number of iterations
may be equal to N/L. In another alternative embodiment, the
VMA performs a user-specified number of iterations.

As noted above, each iteration I; of the VM A operates on a
corresponding block B, of the received sample sequence {u,,}.
In some embodiments, the blocks are overlapping blocks that
together cover the entirety of the received sample sequence.
For example, in one embodiment, block B, is a block of
sample length 21 which overlaps with the next block B,, , in
its last I samples, e.g., as given by:

B={u,:n=j*L+i,i=0,1,2, ...
forj=0,1,..., (N/L-1),

2L-D1}
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where N is the number of samples in the received sample
sequence, where L is the sample length of the impulse
response f.

As noted above, each iteration I, of the VMA involves
minimizing the cost function J,,, based on the block B, and
the current modulus parameter value y,. A conventional gra-
dient descent algorithm would minimize the cost function by
performing repeated updates of the form:

it :fi—llVfJVMA(ﬁ) (8)

where p is the step size, V,is the gradient operator with
respect to equalization vector f. However, in the preferred
embodiment, the minimization is performed using a stochas-
tic gradient descent algorithm. The stochastic gradient
descent algorithm may perform repeated updates of the form:

A A G
for n5L+k, k=0,1,2, ..., (L-1).

The parameter [ may take any value in a wide range of
values. Similarly, the parameter L make take any value in a
wide range of values. In one particular embodiment, the
parameters [ and 1 take the values 12 and 0.005 respectively.

Because the VMA iteratively adapts the modulus param-
eter vy, the initial value y, of the modulus parameter may be
chosen arbitrarily. In particular, the initial value y, may be
chosen without any a priori knowledge of the constellation
properties. For example, the initial value y, may be set to the
value 1.0 independent of the modulation scheme and/or con-
stellation order being used by the transmitter. The adaptation
process guarantees that the modulus parameter will eventu-
ally converge to a value appropriate for the modulation
scheme and constellation being used in any given situation.

In some embodiments, the advantages of the VMA may
include one or more of the following.

1. The VMA operates without any a priori knowledge of the
modulation scheme implicit in the received signal. In one
embodiment, channel-affected signals of different modula-
tion schemes like PSK (4,8,16,32) and QAM (4,8,16,32,64)
were successfully tested for a SNR level of 20 dB and higher.
The initialization of equalizer parameters was kept indepen-
dent of the modulation scheme used in the transmitter and
thus the fractionally-sampled received signal was the sole
input to the VMA.

2. For a 10-tap fractionally-spaced channel (i.e., a channel
spreading over five symbol periods), it took 5000 received
samples of a 8-QAM modulated signal for the CMA to con-
verge, whereas the VMA can achieve the same residual dis-
tortion using 3000 received samples only. The channel coef-
ficients used in this specific embodiment were:

0.0545+0.051, 0.2832-0.11971, -0.7676+0.2788i,

-0.0641+0.0576i, 0.0566+0.2275i, 0.4063+0.07391,

0.2-0.31, -0.9+0.3i, 0.05+0.06i, 0-0.7i,
and the signal-to-noise ratio was set to 25 dB. FIG. 1 shows
the constellation plot of equalized signal {y,} given an
8-QAM modulated signal using VMA in a fractionally-
spaced equalizer.

The mean squared distance and maximum deviation from
mean of constellation clusters are used as measures to com-
pare the convergence of VMA and CMA for the same data set.
2500 received symbols of a 4-QAM modulated signal are
taken and the above measures were calculated for the output
of both the equalizers.

The CMA equalized constellation had a mean square
residual error of 11.631. The corresponding VMA output had
a significantly lower mean square error of 5.583. In both
cases, mean square error was computed by clustering the
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equalizer output into clusters corresponding to each of the
points in the expected constellation and then computing the
mean of each cluster.

3. For the same number of received symbols (1555) of a
constant-amplitude continuous-phase frequency-modulated
signal such as GMSK, the VMA converges to a significantly
lower residual distortion as compared to the CMA for the
same channel conditions and same signal-to-noise ratio. FIG.
2B shows the constellation plot of a channel-affected GMSK
signal extracted from a GSM burst (whose actual constella-
tion diagram is shown in FIG. 2A). FIGS. 2C and 2D show the
constellation diagrams after equalization using CMA and
VMA respectively. As is clearly evident from the plots, the
equalized output of VM A resembles the original constellation
more than what is obtained using CMA blind equalization.
The observations were taken using the same channel and SNR
values as stated earlier.

In one set of embodiments, a method for performing blind
equalization on received samples may include a set of opera-
tions as shown in FIG. 3. The embodiments of the variable
modulus algorithm (VMA) described above may be inter-
preted as embodiments of the method of FIG. 3.

At 310, a processor may receive a block {u,} of the
received samples, e.g., as variously described above.

At 315, the processor may minimize a function J of a vector
argument f to determine a minimizing vector f, ., wherein
the function J depends on the vector argument f according to
the expression

JO=Z(aP-1)%,

wherein the summation X corresponds to a sequence {y,,} of
equalized samples, wherein the sequence {y, } of equalized
samples is related to the block {u,} of received samples
according to a convolution relation {y,, }={u, } *f, whereinvy is
a current modulus parameter value. The summation E
includes one term of the form (ly,,1>—y)* for each sample y,, in
the sequence {y, }

It is noted that the minimization of the function I(f) is
equivalent to the minimization of the function kJ(f), where k
is any positive real value. In other words, the multiplication
by positive scalar k does not change the location of the mini-
mum. Thus, e.g., it is not necessary to perform the multipli-
cation by (1/L) shown in the cost function of expression (5).

At 320, the processor may compute a fourth moment of the
sequence {y, } corresponding to the minimizing vector f, .
The fourth moment of the sequence {y,} is defined as
Elly, I*].

At 325, the processor may compute a second moment of
the sequence {y,} corresponding to the minimizing vector
£,z The second moment of the sequence {y, } is defined as
Elly,I*].

At 330, the processor may update the current modulus
parameter value y to be equal to a ratio of the fourth moment
to the second moment.

At 335, the processor may repeat operations 310 through
330 until atermination condition is satisfied, e.g., as variously
described above.

At 340, the processor may convolve the received samples
with the minimizing vector £, ;,, from a last of the repetitions
of operations 310 through 330 in order to determine final
equalized samples. In the above discussion of the VMA, this
last minimizing vector f, ;, is referred to as {1

In some embodiments, the termination condition is the
condition that a change in the current modulus parameter
value y between successive repetitions of operations 310
through 330 is smaller than a predetermined threshold, e.g.,
as described above.
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In some embodiments, the method may further include:
displaying a constellation plot of the final equalized samples
via a display device, e.g., as shown in FIG. 1.

In some embodiments, the method may also include:
receiving user input identifying a modulation type and con-
stellation order after the displaying of the constellation plot;
and demodulating the final equalized samples based on the
identified modulation type and the identified constellation
order in order to obtain a bit sequence. Upon viewing the
displayed constellation plot, the modulation type and constel-
lation order may be apparent to the user. (The system of the
present invention may include a graphical user interface
allowing the user to assert said identification by selecting
from a set of known modulation types.) The bit sequence may
be further processed to extract a stream of information bits.
The information bits may be converted to an analog signal;
the analog signal may be used to drive an output device (such
as a display device or speaker).

In some embodiments, the method may also include: per-
forming a cluster analysis (e.g., a K-means cluster analysis)
on the final equalized samples to determine a constellation
order implicit in the received samples.

In some embodiments, the process of minimizing the func-
tion J includes performing a stochastic gradient descent algo-
rithm, e.g., as described above in connection with the VMA.

In some embodiments, the method operates without any a
priori knowledge of the modulation type used by a transmitter
to form the received samples.

In some embodiments, a next repetition of said minimizing
starts with the minimizing vector f, ., determined in a current
repetition of said minimizing, e.g., as described above in
connection with the VMA.

FIG. 4 illustrates one embodiment of a computer system
900 that may be used to perform any of the method embodi-
ments described herein, or, any combination of the method
embodiments described herein, or any subset of any of the
method embodiments described herein, or, any combination
of such subsets.

Computer system 900 may include a processing unit 910, a
system memory 912, a set 915 of one or more storage devices,
a communication bus 920, a set 925 of input devices, and a
display system 930.

System memory 912 may include a set of semiconductor
devices such as RAM devices (and perhaps also a set of ROM
devices).

Storage devices 915 may include any of various storage
devices such as one or more memory media and/or memory
access devices. For example, storage devices 915 may include
devices such as a CD/DVD-ROM drive, a hard disk, a mag-
netic disk drive, magnetic tape drives, etc.

Processing unit 910 is configured to read and execute pro-
gram instructions, e.g., program instructions stored in system
memory 912 and/or on one or more of the storage devices
915. Processing unit 910 may couple to system memory 912
through communication bus 920 (or through a system of
interconnected busses). The program instructions configure
the computer system 900 to implement a method, e.g., any of
the method embodiments described herein, or, any combina-
tion of the method embodiments described herein, or, any
subset of any of the method embodiments described herein, or
any combination of such subsets.

Processing unit 910 may include one or more processors
(e.g., microprocessors).

One or more users may supply input to the computer sys-
tem 900 through the input devices 925. Input devices 925 may
include devices such as a keyboard, a mouse, a touch-sensi-
tive pad, a touch-sensitive screen, a graphics tablet, a track
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ball, a light pen, a data glove, eye orientation and/or head
orientation sensors, a microphone (or set of microphones), or
any combination thereof.

The display system 930 may include any of a wide variety
of display devices representing any of a wide variety of dis-
play technologies. For example, the display system may be a
computer monitor, a head-mounted display, a projector sys-
tem, a volumetric display, or a combination thereof. In some
embodiments, the display system may include a plurality of
display devices. In one embodiment, the display system may
include a printer and/or a plotter.

In some embodiments, the computer system 900 may
include other devices, e.g., devices such as one or more graph-
ics accelerators, one or more speakers, a sound card, a video
camera and a video card.

In some embodiments, computer system 900 may include
one or more communication devices 935, e.g., a network
interface card for interfacing with a computer network. In one
embodiment, computer system 900 may receive a modulated
signal (e.g., a modulated RF signal) and perform signal pro-
cessing operations on the modulated signal using such a com-
munication device.

In some embodiments, the communication devices may
include a reconfigurable I/O (RIO) board that includes one or
more programmable hardware elements (PHEs), one or more
A/D converters and additional circuitry. The RIO board is
programmable to achieve a user-desired configuration of
input and/or output processing, e.g., via a program written
using LabVIEW FPGA. In some embodiments, the additional
circuitry of the RIO board may include circuitry optimized
for various kinds of signal processing operations and/or cir-
cuitry configured for signal amplification, carrier signal gen-
eration and synchronization, clock signal generation and syn-
chronization, RF down-conversion, any of various kinds of
demodulation, etc. The RIO board may receive an input sig-
nal, down-convert the input signal to baseband, digitize the
baseband signal, and make the digitized baseband samples
available to the computer system 900 for further processing,
e.g., processing according to any of the method embodiments
disclosed herein.

In some embodiments, the reconfigurable 1/0 board is one
of'the RIO boards provided by National Instrument Corpora-
tion.

The computer system may be configured with a software
infrastructure including an operating system, and perhaps
also, one or more graphics APIs (such as OpenGL®,
Direct3D, Java 3D™). In some embodiments, the software
infrastructure may include LabVIEW and/or LabVIEW
FPGA, which are software products of National Instruments
Corporation.

In some embodiments, the computer system 900 may be
configured for coupling to a data acquisition system 940. The
data acquisition system 940 is configured to receive analog
inputs signals, to digitize the analog input signals, and to
make those digitized signals available to the computer system
900. The data acquisition system 940 may operate under the
control of the software executing on processor 910.

In some embodiments, the computer system 900 may be
configured to interface with a specialized receiver system
950, e.g., an off-the-shelf receiver system designed for cap-
turing radio signals (such as RF signals, wireless LAN sig-
nals, etc.), down-converting the captured signals, and sam-
pling the down-converted signals.

FIG. 5 illustrates one possible embodiment 900 A for com-
puter system 900.
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FIG. 6 illustrates an exemplary wireless device 600, such
as a wireless telephone, which may implement embodiments
of the invention.

Although the embodiments above have been described in
considerable detail, numerous variations and modifications
will become apparent to those skilled in the art once the above
disclosure is fully appreciated. It is intended that the follow-
ing claims be interpreted to embrace all such variations and
modifications.

What is claimed is:

1. A method for operating a receiver system to perform
blind equalization, the method comprising:

receiving, by the receiver system, a communication signal

from a communication channel in response to a trans-
mission of a transmit signal onto the communication
channel by a transmitter;

generating, by the receiver system, samples of the received

communication signal;
equalizing, by the receiver system, a block of the samples,
wherein said equalizing includes minimizing a function
J of a vector argument f to determine a minimizing
vector 1., wherein each evaluation of the function J
includes convolving the vector argument f with the block
of samples to obtain a sequence {y,} of equalized
samples, and evaluating a quadratic form in terms of
expressions {ly,|°~y}, wherein y is a current modulus
parameter value;
updating, by the receiver system, the current modulus
parameter value y based on a ratio of a fourth moment
value to a second moment value, wherein the fourth
moment value is a fourth moment of the sequence {y,,}
corresponding to the minimizing vector f,,, wherein
the second moment value is a second moment of the
sequence {y,} corresponding to the minimizing vector
Lo

repeating said equalizing and said updating a plurality of
times using respective blocks of the samples; and

convolving at least a subset of the samples with the mini-
mizing vector f, ,; from one of said repetitions of said
equalizing and said updating in order to determine final
equalized samples, wherein the final equalized samples
are representative of the transmit signal.

2. The method of claim 1, wherein said equalizing and said
updating are repeated until a termination condition is satis-
fied, wherein the termination condition is the condition that a
change in the current modulus parameter value y between
successive repetitions of said equalizing and said updating is
smaller than a predetermined threshold.

3. The method of claim 1, further comprising:

displaying a constellation plot of the final equalized

samples using a display device.

4. The method of claim 1, further comprising:

demodulating the final equalized samples based on a speci-

fied modulation type and a specified constellation order
in order to obtain a bit sequence, wherein the bit
sequence represents information that has been embed-
ded in the transmit signal by the transmitter.

5. The method of claim 1, further comprising:

performing a cluster analysis on the final equalized

samples to determine a constellation order implicit in the
transmit signal; and

displaying an indication of the constellation order via a

display device.

6. The method of claim 1, wherein said minimizing the
function J comprises performing a stochastic gradient descent
algorithm.
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7. The method of claim 1, wherein said method operates
without any prior knowledge of the modulation type used by
the transmitter to generate the transmit signal.

8. The method of claim 1, wherein a next repetition of said
equalizing starts with the minimizing vector f, ,;,, determined
in a current repetition of said equalizing.

9. A non-transitory computer-readable memory medium
that stores program instructions, wherein the program
instructions are executable by a computer system, wherein
the program instructions, when executed by the computer
system, cause the computer system to:

perform blind equalization on samples of acommunication

signal, wherein the communication signal is received

from a communication channel in response to transmis-

sion of a transmit signal onto the communication chan-

nel by a transmitter, wherein said performing blind

equalization includes:

equalizing a block of the samples, wherein said equal-
izing includes minimizing a function J of a vector
argument f to determine a minimizing vector f, .,
wherein each evaluation of the function J includes
convolving the vector argument f with the block of
samples to obtain a sequence {y,} of equalized
samples, and evaluating a quadratic form in terms of
expressions {1y, 1=y}, wherein y is a current modulus
parameter value;

updating the current modulus parameter value y based on a

ratio of a fourth moment value to a second moment
value, wherein the fourth moment value is a fourth
moment of the sequence {y, } corresponding to the mini-
mizing vector f, ., wherein the second moment value is
a second moment of the sequence {y,,} corresponding to
the minimizing vector f,
repeating said equalizing and said updating a plurality of
times using respective blocks of the samples; and
convolving at least a subset of the samples with the
minimizing vector f, ,,,from one of said repetitions of
said equalizing and said updating in order to deter-
mine final equalized samples, wherein the final equal-
ized samples are representative of the transmit signal.

10. The memory medium of claim 9, wherein said equal-
izing and said updating are repeated until a termination con-
dition is satisfied, wherein the termination condition is the
condition that a change in the current modulus parameter
value y between successive repetitions of said equalizing and
said updating is smaller than a predetermined threshold.

11. The memory medium of claim 9, wherein the program
instructions, when executed by the computer system, further
cause the computer system to:

display a constellation plot of the final equalized samples

via a display device.

12. The memory medium of claim 9, wherein the program
instructions, when executed by the computer system, cause
the computer system to:

demodulate the final equalized samples based on a speci-

fied modulation type and a specified constellation order
in order to obtain a bit sequence, wherein the bit
sequence represents information that has been embed-
ded in the transmit signal by the transmitter.

13. The memory medium of claim 9, wherein said mini-
mizing the function J comprises performing a stochastic gra-
dient descent algorithm.

14. The memory medium of claim 9, wherein a next rep-
etition of said equalizing starts with the minimizing vector
f1 determined in a current repetition of said equalizing.

15. A receiver system for performing blind equalization,
the receiver system comprising:
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circuitry configured to:
receive a communication signal from a communication
channel in response to a transmission of a transmit
signal onto the communication channel by a transmit-
ter; and
generate samples of the received communication signal;
a processor; and
memory storing program instructions, wherein the pro-
gram instructions, when executed by the processor,
cause the processor to:
equalize a block of the samples, wherein said equalizing
including minimizing a function J of a vector argu-
ment f to determine a minimizing vector f,,;.,
wherein each evaluation of the function J includes
convolving the vector argument f with the block of
samples to obtain a sequence {y,} of equalized
samples, and evaluating a quadratic form in terms of
expressions {ly, >y}, wherein vy is a current modulus
parameter value;
update the current modulus parameter valuey based on a
ratio of a fourth moment value to a second moment
value, wherein the fourth moment value is a fourth
moment of the sequence {y,} corresponding to the
minimizing vector f, ., wherein the second moment
value is a second moment of the sequence {y,} cor-
responding to the minimizing vector f, ;.
repeat said equalizing and said updating a plurality of
times using respective blocks of the samples; and
convolve at least a subset of the samples with the mini-
mizing vector f, ;- from one of said repetitions of said
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equalizing and said updating in order to determine
final equalized samples, wherein the final equalized
samples are representative of the transmit signal.

16. The receiver system of claim 15, wherein said equaliz-
ing and said updating are repeated until a termination condi-
tion is satisfied, wherein the termination condition is the
condition that a change in the current modulus parameter
value y between successive repetitions of said equalizing and
said updating is smaller than a predetermined threshold.

17. The receiver system of claim 15, wherein the program
instructions, when executed by the processor, further cause
the processor to display a constellation plot of the final equal-
ized samples via a display device.

18. The receiver system of claim 15, wherein the program
instructions, when executed by the processor, further cause
the processor to:

demodulate the final equalized samples based on a speci-

fied modulation type and a specified constellation order
in order to obtain a bit sequence, wherein the bit
sequence represents information that has been embed-
ded in the transmit signal by the transmitter.

19. The receiver system of claim 15, wherein said mini-
mizing the function J comprises performing a stochastic gra-
dient descent algorithm.

20. The receiver system of claim 15, wherein a next rep-
etition of said equalizing starts with the minimizing vector
f, . determined in a current repetition of said equalizing.
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